SERS-active nylon fiber evidence swabs for forensic applications by Burleson, Matthew Darren & NC DOCKS at Western Carolina University
 
 
 SERS-ACTIVE NYLON FIBER EVIDENCE SWABS FOR FORENSIC APPLICATIONS  
 
 
A thesis presented to the faculty of the Graduate School of  
Western Carolina University in partial fulfillment of the 
 requirements for the degree of Master of Science in Chemistry. 
 
 
By  
 
 
Matthew Darren Burleson 
 
 
Director: Dr. David D. Evanoff, Jr. 
Associate Professor of Chemistry  
Department of Chemistry & Physics  
 
Committee Members: Mrs. Brittania J. Bintz, Forensic Science 
Dr. Channa R. De Silva, Chemistry 
Dr. Kelly S. Grisedale, Forensic Science 
 Dr. Scott W. Huffman, Chemistry  
 
 
 
 
June 2016 
 
 
 
ii 
 
ACKNOWLEDGEMENTS 
 
 First and foremost I would like to thank my research advisor, Dr. Evanoff, for his expert 
guidance, zealous attitude towards my project, and his patience throughout the project.  The 
invaluable experience I have gained under his guidance will forever be with me and continue to 
influence me as a chemist.  I would also like to thank my committee members for their 
willingness to be my committee and their expert guidance as well, and their tips for improvement 
when asked.  I would like to thank Dr. Vinay for his aid in the project and his helpfulness in all 
aspects of his involvement.  I would like to thank the department in general not only for the 
education I’ve received here, but the encouragement from the department as a whole.  I would 
also like to thank the Clemson University Electron Microscope Facility for providing access to 
electron microscopy for images.  Lastly, I would like to thank the National Institute of Justice for 
helping to fund this project (2015-NE-BX-K003) and also the National Science Foundation 
(CHE-1040163) for providing funding for the essential instrumentation. 
 I also would like to thank my friends and family who have supported me along this 
journey.  Specifically my dad, I can’t extend my gratitude enough for his ensuring that I achieved 
my degrees.  I also want to thank Nicole Dragan for being supportive of me and my work and 
being the most amazing study partner anyone could ask for. 
  
iii 
 
TABLE OF CONTENTS 
 
LIST OF TABLES ......................................................................................................................... iv 
LIST OF FIGURES ........................................................................................................................ v 
LIST OF ABBREVIATIONS ........................................................................................................ vi 
ABSTRACT .................................................................................................................................. vii 
CHAPTER 1.  BACKGROUND .................................................................................................... 1 
     1.1.  Introduction to current evidence screening techniques ...................................................... 1 
          1.1.1.  Presumptive screening tests ....................................................................................... 1 
          1.1.2.  Confirmatory screening tests ..................................................................................... 2 
     1.2.  Raman spectroscopy .......................................................................................................... 3 
          1.2.1.  Raman spectroscopy in forensic science .................................................................... 5 
     1.3.  Surface enhanced Raman scattering .................................................................................. 7 
          1.3.1.  SERS in forensic science ........................................................................................... 8 
          1.3.2.  Resonance Raman scattering (RRS) and surface-enhanced resonance Raman 
scattering (SERRS) .................................................................................................... 9 
     1.4.  Introduction to the plasmonic resonance of silver ........................................................... 10 
     1.5.  Silver nanoparticles on fibrous materials:  synthesis and applications ............................ 12 
CHAPTER 2.  INTRODUCTION TO RESEARCH .................................................................... 14 
CHAPTER 3.  EXPERIMENTAL ................................................................................................ 16 
     3.1. Materials ........................................................................................................................... 16 
     3.2.  Equipment and instrumentation ....................................................................................... 16 
     3.3.  Silver nanoparticle synthesis and swab functionalization ............................................... 17 
     3.4.  Characterization of silver-modified nylon evidentiary swabs ......................................... 18 
CHAPTER 4.  RESULTS AND DISCUSSION ........................................................................... 20 
     4.1.  Silver nanoparticle synthesis and attachment to nylon fibers via the hydrogen reduction 
method...................................................................................................................... 20 
     4.2.  Development of synthetic method ................................................................................... 21 
     4.3.  Characterization of silver nanoparticles on swabs ........................................................... 25 
     4.4.   Analysis........................................................................................................................... 28 
          4.4.1.  Initial SERS studies – CV solution .......................................................................... 28 
          4.4.2.  Examination of SERS enhancement using [Ru(bpy)3]
2+ solutions .......................... 30 
          4.4.3.  Seminal fluid studies ................................................................................................ 34 
CHAPTER 5.  CONCLUSIONS AND FUTURE WORK ........................................................... 46 
Chapter 6.  REFERENCES ........................................................................................................... 49 
 
  
iv 
 
LIST OF TABLES 
 
Table 1.  Values of average mass and number of nanoparticles per swab from a single batch as 
assessed by ICP-OES analysis. ..................................................................................................... 27 
Table 2.  Average integrated Raman intensity obtained through swabbing various concentrations 
of [Ru(bpy)3]
2+ examined using multiple laser powers.  . ............................................................ 34 
Table 3.  Integrated Raman intensities of various [Ru(bpy)3]
2+ concentrations for a laserhead 
power of 100 mW. ........................................................................................................................ 34 
Table 4.  Literature Raman vibrational mode assignments of semen. ......................................... 36 
 
  
v 
 
LIST OF FIGURES 
 
Figure 1.  Jablonski diagram showing Raman scattering vs. Rayleigh scattering. ........................ 4 
Figure 2.  Jablonski diagram showing resonance Raman scattering vs. fluorescence. ................ 10 
Figure 3.  Nylon swabs coated with silver nanoparticles.. ........................................................... 21 
Figure 4.  UV-Vis extinction spectra of nanoparticles at timed intervals up to 450 minutes. ..... 23 
Figure 5.  UV-Vis extinction spectra of silver nanoparticle suspensions (dilluted 5:1) from 
reactions of two different amounts of silver (I) oxide inside the reaction vessel. ........................ 25 
Figure 6.  UV-Vis extinction spectra of saturated silver (I) oxide before and after one hour of 
silver-modified swab tip sonication and bare swab before and after one hour of sonication. ...... 25 
Figure 7.  Electron microscopy images of silver nanoparticles on the nylon swabs. .................. 28 
Figure 8.  SERS spectrum of µM CV solution obtained through the use of a silver-modified 
swab. ............................................................................................................................................. 29 
Figure 9.  Comparison of crystal violet and nylon SERS spectra with the conventional Raman 
spectrum of CV. ............................................................................................................................ 29 
Figure 10.  Comparison of [Ru(bpy)3]
2+ signal obtained using 1.641 mW and 0.135 mW  to that 
of a silver-less swab using 1.641 mW. ......................................................................................... 31 
Figure 11.  Summary of [Ru(bpy)3]
2+ studies. ............................................................................. 33 
Figure 12.  SERS spectrum of semen with labeled bands that overlap with a literature Raman 
vibrational mode assignment of semen. ........................................................................................ 35 
Figure 13.  Seminal fluid and nylon SERS spectra overlaid for comparison. ............................. 37 
Figure 14.  SERS spectrum of 100 µL of semen swabbed from a microscope slide after drying 
and stored in a freezer overlaid with the SERS nylon background. ............................................. 38 
Figure 15.  Overlaid spectra of 12 µL of semen with the SERS nylon background. ................... 39 
Figure 16.  Overlaid spectra of a swab with 0 minutes of drying with the resulting spectrum after 
the swab was allowed a drying period of 20 minutes. .................................................................. 40 
Figure 17.  Overlaid spectra of seminal fluid sample analyzed at room temperature vs. the nylon 
background .................................................................................................................................... 40 
Figure 18.  Spectra acquired from freezer studies.  . ................................................................... 43 
Figure 19.  Stacked spectra of dried semen analyzed on one swab at four different locations. .. 44 
 
  
vi 
 
LIST OF ABBREVIATIONS 
 
[Ru(bpy)3]
2+  ...........................tris(2,2’-bipyridyl)ruthenium(II) chloride 
AP ..........................................acid phosphatase 
Arb. u. ....................................arbitrary units 
CCD .......................................charge-coupled device 
CV ..........................................crystal violet 
ICP- OES ...............................inductively coupled plasma optical emission spectrometer 
IRI ..........................................integrated Raman intensity 
Lp ...........................................laser power 
NDF........................................neutral density filter 
NPs .........................................nanoparticles 
PBS ........................................phosphate-buffered saline 
PDDA .....................................poly(dimethyldiallylammonium chloride) 
PIC .........................................picroindigo carmine 
PSA ........................................prostate specific antigen 
RRS ........................................resonance Raman scattering 
SAP ........................................seminal acid phosphatase 
SEM .......................................scanning electron microscopy 
SERRS ...................................surface enhanced resonance Raman scattering 
SERS ......................................surface enhanced Raman scattering 
SPH ........................................spermine phosphate hexahydrate 
UV-Vis  ..................................ultraviolet-visible spectroscopy   
vii 
 
ABSTRACT 
 
SERS-ACTIVE NYLON EVIDENTARY SWABS FOR FORENSIC APPLICATIONS 
Matthew Darren Burleson, M.S. 
Western Carolina University (June 2016) 
Director: Dr. David D. Evanoff, Jr., Ph.D. 
 
In the field of forensic science, discovered materials that could potentially be used as evidence 
are screened using presumptive and confirmatory tests before the samples are subjected to DNA 
analysis.  Both of these tests have drawbacks associated with their use, such as being prone to 
false positive and negatives.  Only one biological fluid can be analyzed using one of these tests at 
a time. Further, these tests are destructive to the sample, meaning no further analyses could be 
performed on the same sample portion.  Herein, we report the functionalization of commercially 
available nylon evidentiary swabs to serve as a SERS-active medium for non-destructive 
confirmatory analysis of seminal fluid by attaching silver nanoparticles grown via the hydrogen 
reduction method to the fibers.  The resulting swabs have been analyzed using inductively 
coupled plasma optical emission spectroscopy (ICP-OES) and electron microscopy to assess the 
silver nanoparticle coverage.  The two model dye compounds crystal violet and                
tris(2,2’-bipyridyl)ruthenium(II) chloride were analyzed using SERS as a proof of concept and 
examination of SERS enhancements, respectively.  The research includes the study of the effects 
of swab fabrication on surface coverage, particle size and spacing, and Raman and SERS spectral 
enhancement of the two model dyes and seminal fluid.  Efforts to maximize seminal fluid SERS 
signal while exploring the effect of swab storage is also presented. 
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CHAPTER 1.  BACKGROUND  
 
1.1.  Introduction to current evidence screening techniques 
Bodily fluids found at crime scenes are among the most important pieces of evidence in a 
forensic investigation.1,2 These fluids may include, but are not limited to, blood, semen and 
saliva and can be collected at the crime scene using swabs.2  These swabs can be made of cotton, 
nylon and rayon materials.3  Cotton swabs are the most commonly used swabs in forensic 
casework.  Unlike nylon swabs, cotton swabs do not have their fibers flocked, that is, arranged in 
a perpendicular fashion, but rather in a mattress design which is a result of the cotton being 
wound tightly around the shaft material, forming the swab tip.3  This design results in a dense 
inner core of cotton that can trap the evidentiary materials.3  Biological fluid is often important 
evidence since it can often prove a crime was committed, potentially identify a suspect, and 
exonerate an innocent person.  For example, semen can be used to prove that intercourse 
occurred.  Identification of a bodily fluid, and subsequent speciation of the donor of the fluid is 
performed using screening tests.  The type of test used depends on what bodily fluid is suspected 
to be present.  The tests subsequently explored will be for the possible presence of seminal fluid, 
biological fluid that may contain spermatozoa.   
1.1.1.  Presumptive screening tests   
Presumptive tests are used to establish a possibility that a bodily fluid or tissue is 
present.2  The most widely used and validated presumptive test for the detection of seminal fluid 
is the seminal acid phosphatase (SAP) test which identifies the enzyme acid phosphatase (AP).2,4  
Acid phosphatase refers to a class of enzymes found in nature and animals but is secreted into 
seminal fluid by the prostate gland.4,5  AP is also found in other bodily fluids including blood, 
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saliva, urine, vaginal secretions and other fluids, however the amount of AP in seminal fluid is 
about 400 greater than in the aforementioned fluids.4,5  Because all these sources can produce 
AP, and could even produce a false positive result, these tests cannot be used specifically to 
determine what bodily fluid may be present.  This then requires other testing methods to be used 
for confirmation.4  Forensic laboratories commonly use the Brentamine spot test as the SAP 
screening tool.4  With this test, the enzyme AP is used to catalyze the hydrolysis of organic 
phosphate, alpha-naphthyl phosphate.  This organic phosphate serves as the substrate that reacts 
with AP, forming a product that produces a purple color change, which indicates the potential 
presence of semen when reacted with a diazonium salt chromogen, Brentamine Fast Blue dye.6  
This test is sensitive enough that a positive result could be yielded even with semen diluted 500 
times.7   The rate at which the color change occurs can also be used to indicate the possible 
presence of semen.5  Typically, reaction times of less than 30 seconds are considered to be 
indications of the presence of semen.5  These tests cannot be used specifically to state what 
bodily fluid may be present since several bodily fluids including blood, vaginal secretions and 
even juice from a cauliflower stem can produce a false positive outcome and why other testing 
methods must be used for confirmation.4,7   
1.1.2.  Confirmatory screening tests 
 Confirmatory detection of spermatozoa cells is done using microscopy and confirms the 
species of origin is human.2  Treating the sperm cells with established staining techniques allows 
the cells to be viewed and distinguishable from extraneous material, such as vaginal epithelial 
cells, when viewed under a microscope.7,8  The most popular stain used is the Christmas tree 
stain, in which picroindigocarmine (PIC) stains the neck and tails of the spermatozoa green, and 
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Nuclear Fast Red gives the head a red color and the cap a pink color.2  Different mammals will 
have different sperm cell morphology that the examiner must be trained to distinguish.7 
 The prostate-specific antigen (PSA) test is another example of a confirmatory analysis 
technique that enables detection of the protein p30, or PSA.2,5  This protein is distinctive to 
human seminal plasma allowing its detection to be considered confirmatory.2,5  Azoospermic 
males, males with no sperm count, will also have the antigen in their seminal plasma.2  PSA is 
present in other bodily fluids but below a detectable limit compared to seminal plasma, so they 
do not interfere with results.2 
 Several problems are associated with both presumptive and confirmatory tests.  Both 
testing methods can be expensive requiring the purchase of additional equipment and are time 
consuming.  Additionally, each test is designed to detect one bodily fluid, which means testing 
for mixtures becomes a problem, as only one of the present fluids would be detected.  
Additionally, the tests are also destructive to the portion of sample analyzed.2  Sample 
destruction is a potential issue in forensic analyses since evidence samples are often limited, but 
contain information that is critical to an investigation.  Introducing novel evidentiary screening 
techniques like Raman spectroscopy into the forensic workflow process could have the capacity 
to reduce the impact of the problems associated with the current screening techniques.     
1.2.  Raman spectroscopy 
 Radiation interacting with samples can undergo many processes such as absorption, 
reflectance, transmission and scattering.9  When this scattered radiation has the same frequency 
as the incident radiation, or is elastically scattered, it is termed Rayleigh scattering.9  Conversely, 
if the scattered radiation experiences a shift in frequency, or is inelastically scattered, it is termed 
Raman scattering.9  Both forms of scattering involve the momentary excitation of an electron 
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from the ground state to a virtual state, and the re-emission of radiation as the molecule relaxes 
from this virtual state, a short lived quantum state, as shown in Figure 1.10,11  When the scattered 
radiation has shifted to a lower frequency it is called stokes Raman radiation, and scattered 
radiation that is higher in energy is called anti-stokes Raman radiation.12   
 Raman scattering is the basis of Raman spectroscopy, a non-destructive vibrational 
spectroscopic technique.  Raman spectroscopy examines the inelastic scattering of 
monochromatic light by analyte molecules as the scattered photons have an energy which 
corresponds to a change in quantized energy levels of molecules.9  As a technique, Raman 
spectroscopy is used to examine vibrational, rotational and other transitions in molecules.  
Additionally, Raman spectroscopy can be used to identify the functional groups of biological 
molecules, because these molecules will have different interactions with light, giving rise to 
distinctive spectral bands which produce a unique “spectral fingerprint.”13 
 
Figure 1.  Jablonski diagram showing the Raman scattering vs. Rayleigh scattering processes. 
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 For a molecular vibration to be Raman-active and detectable using Raman spectroscopy, 
the polarizability of the analyte molecule must be considered.  Polarizability refers to the 
deformability of the electron cloud around the analyte molecule by an external electric field, 
causing an induced dipole.10  A Raman-active vibration will experience a change in polarizability 
over the course of the vibration.9  Due to this selection rule, the potential use of Raman for the 
investigation of biological fluids is considerable, as water will not interfere.  Water can be an 
interferent in another type of vibrational spectroscopy more commonly found in crime labs, 
infrared (IR) spectroscopy. 
 Raman scattering typically has a weak signal because Raman scattering is a rare event.  
In fact, only one in approximately 106 - 108 photons will be Raman scattered with the rest being 
Rayleigh scattered.11  Because of this, difficulties arise measuring both dilute concentrations and 
small amounts of sample.  Another problem associated with Raman scattering is that 
fluorescence can overwhelm the useful Raman signal.  One way to overcome these limitations is 
to enhance the Raman signal by placing the analyte on/near a nanostructured surface of a noble 
metal (typically copper, gold or silver), a measurement technique referred to as surface enhanced 
Raman scattering (SERS).  Recently, Stamplecoskie et al. found that silver nanoparticle size in 
the range of 50-60 nm provided maximum SERS enhancements.14 
1.2.1.  Raman spectroscopy in forensic science 
 Raman spectroscopy has seen a rise in its use in forensic applications for numerous 
reasons including its rapid non-destructive nature of analysis, the specificity it offers at a 
molecular level, and its ability to be paired to microscopes allowing for the detection of minute 
samples.11  Raman spectroscopy can be used for fiber analysis, analysis of paint samples, 
analysis of questioned documents, identification and screening of explosives, and has recently 
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been shown to serve as a screening technique for liquid samples from clandestine  
methamphetamine labs.7,11,15–17  Particularly with the screening of explosives, Raman is 
advantageous due to its ability to enable examination of materials through various container 
constituents.15  Furthermore, the capability of using Raman chemical imaging to produce images 
of explosive material molecules on latent fingerprints allows the spectra of the explosive 
materials to be easily distingushable.15  For fiber analysis, Raman is often employed for 
examination of both composition and pigments used to manufacture the material.15  With 
examination of pigments, Raman has the advantage that little interference is observed from the 
binders and resins of the pigment.18  Was-Gubala and Machnowski were able to show that 
Raman spectroscopy allowed differentiation between cotton and viscose fibers even when dyed 
with the same dye at the same or a very close concentration.19  Hendra and Watson analyzed 
nylon fibers and were among the first to report the Raman spectra of the nylon they analyzed.  
The authors discussed the spectra in great detail highlighting that quality Raman spectra of the 
nylon could be obtained.20 
 Recently, Virkler and Lednev highlighted Raman’s potential capability to be used for a 
more effective non-destructive confirmatory identification of bodily fluids.21  The authors 
showed that five bodily fluids including semen, vaginal fluid, sweat, saliva and blood were 
differentiable from each other by comparison of their Raman spectra, but correlated with the 
known composition of each.21  Further highlighting Raman’s capability to be used, the authors 
compared Raman spectra of dry traces of human and canine semen; each showing distinctly 
different Raman spectroscopic signatures.21  In addition, the authors were able to show that the 
laser radiation did not damage the sample highlighting Raman’s non-destructive nature as an 
invaluable tool allowing further downstream testing of the same sample if necessary.21  
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Likewise, the authors presented assigned band information and concluded that albumin and 
lysozyme contribute most to the spectrum of human seminal fluid with significant contribution 
from tyrosine and spermine phosphate hexahydrate (SPH).21,22  Comparing the Raman spectra of 
human semen with that of vaginal fluid, similarities could be seen such as lysozyme and urea 
bands, but still with considerable differences.21   
1.3.  Surface enhanced Raman scattering 
 SERS has become a powerful technique available to chemists for a variety of applications 
including biosensors, identification of natural dyes and trace analyses.12,23  Though the exact 
mechanism of SERS is still debated today, it is believed to result from a combination of two 
mechanisms:  the electromagnetic enhancement mechanism and the charge transfer 
mechanism.11  Both of these mechanisms contribute to an increase in analyte signal and a 
decrease in the detection limit of analyte molecules.  In the electromagnetic mechanism, 
enhancement occurs due to an interaction between the analyte and the electromagnetic field that 
extends from a nanostructured metallic surface during an optically-excited plasmon 
oscillation.11,24  The electrons of the analyte interact with this extended field resulting in greater 
polarization of the molecule thus leading to enhancement of Raman scattering.11  Enhancement 
factors (ratio of Raman cross-section to geometric cross-section) along the order of 103 to 1014 
can be obtained from the electromagnetic enhancement mechanism.25  It has been shown, 
however, that the greatest enhancement occurs between particles whose plasmons overlap, a 
region termed a ‘hot spot.’11  These exceptional spots can produce SERS enhancement factors of 
1012 or even greater.26 
 The charge transfer mechanism involves a bond formed between the metal surface and 
analyte through the transfer of an electron from the metal to an unoccupied molecular orbital of 
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the analyte.11  Charge transfer can also occur reversely through the transfer of an electron of the 
analyte to the conduction band of the metal.26,27  This bond allows excitation through the transfer 
of electrons from the metal to the analyte molecule then back to the metal again.11  Due to the 
increase in electron density, the molecule experiences an increase in polarizability, thereby 
increasing the Raman scattering signal.11  The charge transfer mechanism provides weaker 
enhancement of signal in comparison to the electromagnetic mechanism, typically along the 
orders of 10 to 103.25  This lowered enhancement occurs because it only occurs on the surface of 
the metal, whereas electromagnetic enhancement could occur from distances away from the 
surface.11  
1.3.1.  SERS in forensic science  
 Like conventional Raman spectroscopy, SERS has also seen an increase in its use in 
forensic investigations.28  One of the biggest advantages of SERS is the quenching of 
fluorescence.  In the case of investigations of pen inks, the SERS spectra were found to be more 
information-rich than standard Raman spectra due to fluorescence quenching.28  In fiber analysis, 
SERS enabled differentiation of hair fiber that had been dyed and further indicated whether the 
dye was permanent or designed to wash out over time.28  In addition, the authors could 
differentiate hairs that had been dyed with different brands of commercially available hair 
colorant using SERS.28  SERS has been extensively used for the analysis of illicit drugs, with 
amphetamines being the most commonly examined.28  Furthermore, the use of SERS in the 
investigation of stimulant amines provided increased sensitivity and enhancement of the sample 
signal rather than fluorescence, allowing each molecule to have distinct spectra despite 
possessing a similar chemical structure.28 
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 Recent literature studies (such as that by Boyd et al.) has employed SERS for the 
identification of blood in forensic applications.28,29  The authors were able to show that using 
silver nanoparticles as a SERS substrate along with nickel nanorods allowed the detection of 
miniscule amounts of blood, with dilutions up to 1:100,000, which had previously been 
unobtainable with conventional Raman.29  Furthermore, the authors were also able to 
successfully detect blood by swabbing their SERS substrates, silicon substrates with nickel 
nanorods deposited onto the substrate and made SERS-active by a coating of silver 
nanoparticles, directly on mock evidence.29  Lastly, the authors were also able to obtain useful 
Raman signal with quenched fluorescence even on fluorescent fabrics, such as cotton, using their 
SERS substrates.29 
1.3.2.  Resonance Raman scattering (RRS) and surface-enhanced resonance Raman scattering 
(SERRS) 
 Another enhancement of Raman signal occurs due to resonance Raman scattering (RRS).  
Resonance Raman scattering occurs when the frequency of excitation overlaps with the 
frequency of an electronic transition, an absorption band of the sample, resulting in enhancement 
of scattering.11,30  Enhancements along the order of 103 or 104 are typical for resonance Raman 
scattering but enhancements up to 106 have also been reported.11  The main obstacle of resonance 
Raman scattering is fluorescence, since fluorescence and resonance Raman each are a result of 
absorption of incident radiation.11,30  The resonance Raman and fluorescence processes are 
shown in Figure 2.   
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Figure 2.  Jablonski diagram showing the processes of resonance Raman scattering vs. 
fluorescence.  In fluorescence, the excited electron relaxes to a lower excited electronic energy 
state through an internal conversion before relaxing back to the ground state by emission of a 
photon.  In resonance Raman scattering, the photon is scattered before an internal conversion 
occurs. 
 
 When SERS is used with analytes containing resonant chromophores, enhancement of the 
Raman signal occurs.  This technique is called surface-enhanced resonance Raman scattering 
(SERRS).  SERRS combines the advantages of SERS and resonance Raman scattering so that 
combinations of surface enhancement and molecular resonance enhancement are achieved.11  
SERRS can be advantageous in that fluorescence is almost completely quenched due to the 
chromophore being adsorbed on the surface of a SERS-active metal.  This advantage allows for 
fluorescent materials to be measured and, additionally SERRS yields sharp bands that are 
specific to molecules.11 
1.4.  Introduction to the plasmonic resonance of silver  
 Metallic particles at the nanoscale exhibit unique properties in comparison to their bulk 
counterparts.  An area of recent research has included the specific study of optical properties that 
are displayed by these nanostructures, such as surface plasmons.  Surface plasmons are the 
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collective oscillations of free conduction electrons in response to an external electromagnetic 
field.26  Surface plasmons occur in metallic particles when the wavelength of incident radiation is 
larger than the dimensions of the particle.26,31  The most commonly used metals that exhibit 
plasmons in the visible spectral range are copper, gold, or silver.23  Silver has numerous 
advantages compared to other metals including, but not limited to, its ability to support a surface 
plasmon across the UV-visible-NIR spectrum of 300 to 1200 nm and an interband transition 
occurring at higher frequencies than the surface plasmons.31,32  Gold and copper, however, have 
overlap between their interband transition and plasmon resonance, thus causing the plasmons 
produced by gold and copper to be less efficient than those of silver.31,32 
 When an oscillating external electric field interacts with metallic nanoparticles such as 
silver, the metal’s optical responses result from this interaction.  These surface plasmons arise 
from the displacement of the metal’s conduction electrons by acceleration from the external 
electric field.31  This displacement results in an induced polarization of the particle and its 
surrounding material leading to the creation of a positive charge build-up at one end of the 
particle that decelerates the electrons, termed a restoring force.11,31  A resonance, or sustained 
oscillations, occur as a result of the interplay of the incident electric field oscillation and lattice 
restoring force.  The restoring force build-up at one end of the particle and acceleration of the 
electrons to the opposite end, induces polarization of the surrounding material.11,31  
Consequently, polarization of the surrounding material reduces the restoring force, shifting the 
plasmon resonance to a lower frequency.31  By altering the refractive index of the surrounding 
medium and thus the medium’s polarizability, the plasmon can be tuned to a specific position.31  
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1.5.  Silver nanoparticles on fibrous materials:  synthesis and applications 
In addition to plasmonic properties, silver nanomaterials are known to have antimicrobial 
activity and as a result are commonly used in wound dressings and for coating textile    
materials.33–37 Silver nanoparticles can be attached to fabrics and through this functionalization 
the fabric may then exhibit enhanced properties.38–43  Montazer and Nia present one example 
through their research in which the authors use an in situ synthesis method with Tollens’ reagent 
to synthesize silver nanoparticles on nylon fabric.44  This process yielded an electro-conductive 
fabric that exhibits antibacterial properties.44  The attachment of the silver nanoparticles also 
increased the tensile strength of the nylon and the increase in conductivity would allow its use in 
additional applications, such as electroluminescence.44 
Meng et al. reported that silver nanoparticles could be grown in situ on silk via a 
UV-induced reduction method.45  To accomplish this, they first coated silk material with a 
poly(acrylic acid) (PAA) and poly(dimethyldiallylammonium chloride) (PDDA) film, and 
subsequently soaked the silk in an aqueous solution of silver nitrate for one hour in the presence 
of UV radiation at 365 nm.45  Silk is regarded for both its appearance and texture, but also 
provides a haven for bacteria due to its large surface area and the fact that it retains a great 
amount of moisture.33  The attachment of silver nanoparticles increased the silk’s antimicrobial 
properties as indicated by the tested inhibition zones, an area where bacterial growth has been 
inhibited due to the presence of the nanoparticles.45  Increasing silk’s antimicrobial ability could 
lead to further applications for silk in the textile industry, such as for wound dressings.   
Zhang et al. reported another method of attaching silver nanoparticles to silk fabric.33  
The method included attaching the silver nanoparticles by dipping silk fabrics in a nanoparticle 
solution, rolling the fabric twice in a fabric roller, steaming for 30 minutes in a steam engine, and 
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finally washing with deionized water and drying.33  By attaching silver nanoparticles to the silk, 
the authors were able to increase the material’s antimicrobial properties as indicated by testing 
with S. aureus and E. coli.33  As an example, the authors found that for an untreated silk sample 
versus a silver treated sample (98.65 mg/kg silver content) the surviving S. aureus cells reduced 
from 2.28 x 106 CFU/mL (colony forming units/mL) to 1.53 x 102 CFU/mL, a reduction of 
99.99%.33  Even after 50 washes of the same silver treated silk, the treated fabric still reduced the 
surviving S. aureus cells by 97.43%.33 
Fastness measures how well the material is able to retain its properties and is often used 
to analyze the durability of a material through heavy use, for example, color fastness and 
washing fastness can be measured and reported according to standard protocol.46  Color fastness 
refers to how much color is retained, and is judged on a scale of one to five with one being the 
most transferred.47  Washing fastness examines how many times a material can be washed and 
still maintain specific properties.  The color and washing fastness of silver nanoparticles attached 
to fabrics has been explored by many researchers.  Mirjalili et al. studied the antimicrobial 
properties of silver nanoparticles attached to cellulose fabric and analyzed the fabric using a 
washing fastness test.46  This test subjects the material to frequent washing and measures the 
durability of the nanoparticles to display antimicrobial properties while attached to the fabric.46  
Their studies showed that the silver nanoparticles were strongly attached to the fabric as 
indicated by the amount of bacteria reduced.46  In fact, bacteria reduction was still at 99% even 
after 20 washes.46   
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CHAPTER 2.  INTRODUCTION TO RESEARCH 
 
The purpose of this research was to (1) fabricate SERS-active forensic evidence swabs by 
attaching silver nanoparticles to the fibers of commercially available swabs, (2) to examine the 
effect of swab fabrication techniques on the Raman spectral data and SERS enhancement factors 
of two model dye compounds, crystal violet and tris(2,2’-bipyridyl)ruthenium(II) chloride, and 
seminal fluid and (3) to maximize Raman signal through variation in both sampling and 
measurement parameters. 
The first goal of this research was to outline a procedure that most effectively and 
reproducibly attached silver nanoparticles to the fibers of commercially available nylon swabs 
via the hydrogen reduction method.48  This method utilizes ultrapure water, silver (I) oxide and 
hydrogen gas resulting in a matrix free from surface modifying groups during the synthesis 
ensuring a clean surface for investigational use of the swabs. 
The second goal of the research was to examine how swab fabrication affects the Raman 
and SERS data obtained through the use of the swabs as a SERS-active measurement platform.  
To begin this process, the swabs were first studied using crystal violet as the analyte for an 
indication of SERS enhancement.  Further studies including the limit of detection of the swabs 
and also how the laser power used affects the SERS spectrum were examined with                                 
tris(2,2’-ipyridyl)ruthenium(II) chloride, [Ru(bpy)3]
2+, as the model analyte.  Furthermore, 
seminal fluid was also examined for the same purposes and to establish the use of SERS for the 
non-destructive confirmatory identification of seminal fluid.  The third goal of this research was 
to establish methods in both sampling and measurement parameters leading to maximized 
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Raman signal.  This was first explored using the aforementioned model dye compounds and 
ensuring the same parameters held true for seminal fluid, as well. 
 The data amassed during this study will be foundational for future research projects. The 
examination of what affects swab uptake of biological fluid, through alterations of the synthesis 
could be examined. Likewise, the examination of the effect of functional groups added on the 
swabs’ fibers on the Raman, SERS and swab zeta potential data could be studied as well.  
Additional work needs to be performed in order to maximize silver nanoparticle coverage on the 
fibers of the swabs.  Additionally, a more in-depth study on synthesis times is being performed 
simultaneously through examination of the effects of the Raman and SERS spectral 
enhancements. 
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CHAPTER 3.  EXPERIMENTAL 
 
3.1. Materials 
 The nylon swabs used in this research were Copan FLOQswabsTM acquired from Life 
TechnologiesTM.  Silver (I) oxide (99%) was acquired from Strem Chemicals.  Silver nitrate 
(99.9%) was acquired from Fisher Scientific.  Crystal violet (99%) and 
tris(2,2’-bipyridyl)ruthenium(II) chloride (98%) were acquired from Acrōs Organics.  Ultrapure 
water with a measured resistivity of 18.2 MΩ-cm was obtained from a Barnstead NANOpure 
Diamond system with a 0.2 μm hollow fiber filter.  Hydrogen gas (research grade, 99.9995%) 
was acquired from Airgas.  All chemicals were purchased and used without further purification.  
Pooled human semen (30 – 40 million cells /mL) was acquired from Lee Biosolutions.  For the 
swabbing of dried seminal fluid from a microscope slide, the slides were sterilized via a 
SpectrolinkerTM XL 1500 UV Crosslinker before use.  Nylon supported membranes measuring 
90 mm with pore size of 0.22 and 0.45 μm were purchased from Fisher Scientific.  Syringe filters 
with nylon membranes with a diameter of 13 mm and pore size of 0.45 µm were acquired from 
Fisher Scientific.  
3.2.  Equipment and instrumentation 
 An open atmosphere Agilent 8453 UV-visible spectrometer was used to analyze the 
silver nanoparticles.  A Perkin Elmer Optima 4100DV inductively coupled plasma optical 
emission spectrometer (ICP-OES) was used to determine silver concentrations on the fibers of 
the swabs preceded by a series of dilutions and filtrations as to be outlined in more detail in a 
subsequent section.  All Raman and SERS measurements were performed using a Horiba 
LabRam HR Raman microscope with an 1800 groove/mm grating, an 800 mm monochromator, 
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and a TE-cooled charge-coupled device (CCD) detector.  [Ru(bpy)3]
2+ Raman measurements 
were performed using a 457.9 nm excitation from a Spectra Physics 2065-7S Ar+ laser.  The laser 
head power range used throughout this research was 35 – 160 mW.  Neutral density filters 
(NDFs) were used to reduce the power of the laser at the sample to reduce damage to the swab 
from the laser.  The NDFs affect all wavelengths the same and are on a log 10 base, for example 
a 1.0 NDF reduces the laser power by a factor 10.  All [Ru(bpy)3]
2+ studies utilizing a 1.0 NDF 
were acquired with a 1 second acquisition time and 15 accumulations.  The same acquisition 
time was used for the 2.0 NDF but with 20 accumulations.  For Raman measurements with CV, 
nylon and semen, a 20 mW (7.4 mW at the sample unless stated otherwise) helium-neon (HeNe) 
laser with a wavelength of 632.8 nm was used.  The laser power was monitored using a Thor 
Labs, model # PM100D, meter.  The objective used was a 10x infinity-corrected plan-achromat 
objective with a numerical aperture of 0.25.  Before spectra were collected, the lasers used were 
aligned using a silicon standard and an acetaminophen standard was used for wavenumber 
calibration for semen spectra.  LabSpec 6 software was used to baseline correct and smooth the 
Raman data.  For drying, the swabs were placed inside a VAC Vacuum Atmospheres glovebox, 
model MO-40-2H-SSG, operating with a nitrogen environment.  A Hitachi SU6600 scanning 
electron microscope (SEM) operating at 20 kV was used to image the nanoparticles on the fibers 
of the swabs. 
3.3.  Silver nanoparticle synthesis and swab functionalization 
 The silver nanoparticles used throughout this research were synthesized using the 
hydrogen reduction method.48  Prior to setting up the reaction vessel, the nylon swabs had been 
prepared for the reaction in a two-step process.  The swabs’ applicator shaft was clipped to a 
shorter size and the remaining swab head and applicator were then soaked in ultrapure water for 
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24 hours to remove any impurities.  Secondly, the swabs were soaked in a subsequent 48 hour 
soak in saturated silver (I) oxide solution to ensure the swabs’ surface remains saturated during 
the reaction and also ensures particles form and continue to grow on the nylon fibers.  The 
saturated silver (I) oxide solution was prepared by filtering solid silver (I) oxide out of solution 
using a 0.22 µm nylon filter membrane.  After the 48 hour soak, 3.5 L of the saturated silver (I) 
oxide solution was placed into an acid cleaned 5 L Pyrex® vessel.  The nylon swabs were then 
placed inside the reaction vessel.  Silver (I) oxide (2.4 g) was then added to the reaction vessel, 
this amount was optimized at the beginning of the study.  Heat is applied to the reaction vessel, 
and the temperature is monitored until it reaches 70 °C.  Hydrogen gas was then applied at 10 psi 
above atmospheric pressure, and the vessel was vented four times to ensure a homogenous 
hydrogen atmosphere.  The reaction was allowed to proceed for 166 minutes before being 
stopped.  Once stopped, the swabs were removed and cleaned for future use, as per the 
following: the swabs were removed from the flask and rinsed with ultrapure water to remove any 
solid silver oxide that may have accumulated on the swab surface during extraction from the 
vessel.  The swabs were stored in a clean container in ultrapure water before being dried for use 
in a glovebox.  Once a swab had been used, the swab was allowed to dry on a swab drying rack 
at room temperature until visually dried (typically an hour).  A swab that was allowed to dry 
during Raman measurements was allowed to visually dry on the microscope stage (typically 20 - 
30 minutes). 
3.4.  Characterization of silver-modified nylon evidentiary swabs 
 For ICP-OES analysis, the swabs were prepared in the following manner:  first, the 
applicator shaft was removed so that any silver that may have accumulated on the shaft is not 
analyzed.  Next, the silver nanoparticles contained on the swab tips were dissolved in 
19 
 
concentrated nitric acid.  Following this, the acid was diluted to 7% concentration with ultrapure 
water.  Lastly, the solution was filtered using 0.45 µm nylon syringe filters. 
 For Raman and SERS measurements, different methods were employed to obtain Raman 
and SERS signal.  For studies with CV solution, swab tips were soaked in the solution prior to 
the measurement.  For studies with [Ru(bpy)3]
2+, samples were swabbed in the following 
manners: solutions of [Ru(bpy)3]
2+ were dropped into a petri dish and allowed to dry prior to 
swabbing.  A moistened swab, wet using ultrapure water, was used to collect the dried 
[Ru(bpy)3]
2+ solution.  Additionally, dry swabs were also used with [Ru(bpy)3]
2+ solutions that 
had not been allowed to dry for the means of examining the effects of using a wet vs. dry swab.  
For semen studies, the petri dish swabbing method with either a dry or wet swab was used.  
Further studies included swabbing semen that had been dried on a hard surface, a glass 
microscope slide, with a wet swab and also on a soft surface, a bed sheet, in a similar manner.  
Investigations of what gave the best SERS signal were investigated as well.  
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CHAPTER 4.  RESULTS AND DISCUSSION 
 
4.1.  Silver nanoparticle synthesis and attachment to nylon fibers via the hydrogen reduction 
method 
 The hydrogen reduction method for silver nanoparticle synthesis was first outlined by 
Evanoff and Chumanov and allows for the synthesis of surfactant-free silver nanoparticles with 
control of nanoparticle size.48  In this synthetic method,  aqueous silver (I) oxide is reduced by 
hydrogen gas in ultrapure water by first heating the mixture to 70 °C and pressurizing the 
reaction vessel to 10 psi above atmospheric pressure.48  Initially, a burst of silver nanoparticles 
are formed and as the reaction proceeds these initial particles continue to grow.48  The size of the 
nanoparticles is controlled by altering the reaction time.48  The simplicity of this synthesis is 
highlighted in the overall chemical reaction shown in Equation 1.  The “chemical cleanliness” is 
an important aspect of this reaction as it allows further functionalization of the silver surface. 
 Ag2O(aq) + H2(g) → 2Ag
0(s) + H2O(l) (1) 
Particular to this research, the silver nanoparticles synthesized are attached to the fibers 
of nylon swabs.  Copan FLOQswabsTM are manufactured by spraying nylon onto the tip of the 
applicator in the presence of an electrostatic field.  As a result, they lack an inner core unlike 
cotton fiber swabs.  Cotton fiber swabs in which the fibers are wrapped around the applicator, 
often contain a core which consists of dense cotton medium.3  Evidentiary materials can be 
difficult to extract from these cores.  The nanoparticles attach to the fibers of the nylon swabs as 
a result of electrostatic interaction by the donation of lone pair electrons from the nylon, a 
polyamide.48,49  The donation of  lone pair electrons can lower the high surface energy of the 
particles that results from the outermost layer being electron deficient, thus offering greater 
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stability.48,49  In Figure 3 is shown two pictures of swabs after silver nanoparticles attachment for 
visualization of the silver-modified swabs.  The 5 “lollipop” swabs shown in the left part of the 
picture were used initially in the research before being switched to the style shown to the right.  
There is no difference amongst these swabs other than the style of their tips.  Precautions were 
taken to ensure the swabs to the right would behave the same with the synthesis. 
 
Figure 3.  Nylon swabs coated with silver nanoparticles.  To the left,  nylon swabs coated with 
various concentrations of silver nanoparticles achieved by different amounts of silver (I) oxide 
(A) 0.32 g (B) 0.34 g (C) 0.033 g (D) 0.017 g in the reaction flask as compared to an uncoated 
swab (E).  To the right, nylon swabs used throughout the latter part of the research. 
 
4.2.  Development of synthetic method 
 The first goal of this project was to develop a synthetic method for attaching silver 
nanoparticles to the fibers of the nylon swabs making them SERS-active.  Ideally, this synthetic 
modification would (1) attach the nanoparticles in a reproducible and thorough manner; (2) be 
scalable for numerous applications; (3) allow control over the particle size and (4) provide the 
largest SERS enhancements possible.  Initial studies of the synthetic method began by first 
performing the hydrogen reduction reaction with the swabs inside the Pyrex® vessel.   
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 Initial attempts seemed to indicate that silver (I) oxide was cohering to the swabs.  Based 
on the dark color of the reacted swabs and suspension after 1.5 hours.  However, a more in-depth 
examination of the effect of reaction time on swab coverage was performed and showed that 
silver was indeed growing, but not at the typical rate of the hydrogen reduction method.  To 
compensate for this, longer reaction times were employed and 0.22 and 0.45 µm filter 
membranes were used to seal the silver (I) oxide inside preventing it from adhering to the swabs.  
This method enabled assessment of whether the silver nanoparticles were responsible for the 
dark color of the swabs.  In order to determine the effect of nylon in particle formation, a 0.22 
µm nylon filter membrane was added to a reaction of 450 minutes.  Aliquots of the suspension 
were taken and UV-Vis spectra were collected at timed intervals are shown in Figure 4.  Spectral 
information allow for estimations to be deduced about the nanoparticles that were forming on the 
fibers of the swabs.  With this in mind, it was determined that the dark color of the swabs was 
indeed from silver nanoparticle formation on the fibers.  A second, similar reaction was run in 
which swabs were placed in the reaction vessel.  After 166 minutes, a swab was removed and 
visually inspected.  The amount of coverage was estimated to correlate with the darkness of the 
color of the reacted swabs.  This swab was stored and preserved for visual comparison for future 
reaction schematics.  All further reactions were performed for 166 minutes to reach targeted 
surface coverage, however, other parameters were varied to achieve homogeneity of the silver 
nanoparticles distribution on the swab.   
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Figure 4.  UV-Vis extinction spectra of nanoparticles at timed intervals up to 450 minutes. 
 
 
 Several studies focused on achieving more systematic coverage.  First, swabs were 
soaked in saturated silver (I) oxide for timed intervals prior to the reaction.  The resulting swabs, 
upon visual inspection, were more thoroughly covered when compared to previously prepared 
swabs.  Second, solid silver (I) oxide amounts were varied in the reaction vessel along with the 
saturated silver (I) oxide soaked swabs, with equivalent reaction times (166 minutes).  This 
method resulted in the most covered swabs and is the current method for silver-modified swab 
synthesis.  Figure 5 shows the UV-Vis extinction spectrum of the silver nanoparticle suspension 
of two different syntheses starting with two different amounts of silver (I) oxide.  A shoulder can 
be seen in the 2.4 g spectrum (B) highlighted by a line, that is absent in the 1.6 g spectrum (A).  
This shoulder indicates a small amount of polydispersity of silver nanoparticles in the 
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suspension.  The larger amount of solid silver (I) oxide was chosen for swab nanoparticle 
attachment because syntheses using 2.4 grams resulted in more thorough coverage as desired.   
 As a test of the stability of the nanoparticles on the fibers, the swabs were stored in 
ultrapure water and no coloring of the water from the silver was observed.  As an additional test, 
the swabs were sonicated in a 15 mL conical tube for time intervals of 5 – 60 minutes resulting 
in a slight coloration of the saturated silver oxide solution (previously made) from the silver.  A 
UV-Vis extinction spectrum was taken to measure the presence of silver nanoparticles in the 
water before and after sonication and is shown in Figure 6, also shown in Figure 6 is the 
spectrum of the water before and after sonication of a bare non-silver modified swab.  The 
increase in extinction observed at approximately 400 nm in the spectrum in Figure 6 (A), is 
attributed to leeching of the silver nanoparticles into the water.  However, the spectrum indicates 
slight silver leeching from the swabs during the sonication demonstrating that the swabs are quite 
robust.  In addition to the swabs containing silver nanoparticles, a bare swab was also sonicated 
in saturated silver (I) oxide as a control to ensure that any UV absorbing organic species coming 
off the swab was not reducing the silver (I) oxide to silver metal.  In Figure 6 (B), there is no 
evidence of the characteristic extinction band near 400 nm, nor is there any evidence of organic 
absorbance bands in the UV. 
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Figure 5.  UV-Vis extinction spectra of silver nanoparticle suspensions (dilluted 5:1) from 
reactions of two different amounts of silver (I) oxide inside the reaction vessel. 
 
 
Figure 6.  UV-Vis extinction spectra of (A) saturated silver (I) oxide before and after one hour 
of silver-modified swab tip sonication and (B) bare swab before and after one hour of sonication. 
 
4.3.  Characterization of silver nanoparticles on swabs  
 The silver nanoparticles attached to the swabs were characterized using ICP-OES and 
electron microscopy.  ICP-OES analysis of the silver nanoparticles assesses the coverage on the 
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swabs by determining the mass of silver contained on each swab.  To determine the number of 
nanoparticles per swab, the ICP-OES concentration was converted to mass by multiplying by the 
volume of solution measured.  Total silver nanoparticle volume was then calculated from the 
mass of the silver nanoparticles per swab and the known face centered, cubic density of silver 
(10.5 g/cm3).50  The particles were assumed either hemispherical or spherical and the appropriate 
volume formula was used with the radius obtained from the electron microscopy measurements, 
yielding volume per nanoparticle.  Total volume divided by volume per particle determined the 
number of nanoparticles contained within the total volume, as measured by ICP-OES.     
Hemispherical particles were considered after visual analysis of the electron microscopy 
images revealed some nanoparticles were not fully spherical in geometry, therefore a range of 
the possible number of nanoparticles was calculated, as described above.  Table 1 shows values 
of the average mass of silver and the calculated corresponding number of nanoparticles per swab 
from a single batch.  This analysis was performed to determine the reproducibility of 
nanoparticle growth on swabs from a single batch.  The data obtained indicated that silver 
coverage varied from swab to swab.  Figure 7 shows electron microscopy images obtained of 
particles on fibers of the swabs.  In the images, the clumps/clusters are indication of silver 
nanoparticles which vary in both size and location.  The electron microscopy images corroborate 
the sporadic coverage concluded by data obtained via ICP-OES analysis.  These electron 
microscopy images were used to obtain size information of the nanoparticles attached to the 
fibers.  The average particle size was found to be 45 ± 14 nm (N = 112).  The average particle 
size was determined through image analysis via Photoshop, by measuring individual particles 
with a custom ruler set to determine the number of pixels by measuring the scale bar on the 
electron microscopy images.   
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Combined results from ICP-OES analysis and electron microscopy images were 
surprising given the dark color of the swabs when noted upon visual inspection and indicates that 
the visual inspection may not be the best measurement of coverage.  Comparison of the actual 
particle sizes from SEM analysis with the extinction maximum of the suspensions, reveals a 
similar growth rate of nanoparticle size on the swab and in suspension.  One difference with the 
silver nanoparticle size distribution is that the nanoparticles on the swabs are polydispersed.  
Another difference is the rate of silver nanoparticle growth in the presence of the nylon swabs is 
much slower than that of the typical hydrogen reduction method.48  Typically, reactions of 
approximately three hours using this method produce nanoparticles significantly closer to 100 
nm.48  The sporadic coverage of the nanoparticles on the swabs is believed to be a result of the 
swab tips coming in contact with one another during synthesis, preventing access to the swab 
fibers.  
Table 1.  Values of average mass and number of nanoparticles per swab from a single batch as 
assessed by ICP-OES analysis. 
Swab Average amount of silver per swab /mg Number of NPs per swab  (x1012)a 
1 0.54 ± 0.04b 1.07 - 2.14 
2 0.36 ± 0.04 0.72 - 1.44 
3 0.23 ± 0.04 0.47 - 0.93 
4 0.23 ± 0.04 0.47 - 0.93 
5 0.34 ± 0.04 0.68 - 1.35 
Average of all 5 0.3 ± 0.1c 0.68 - 1.36 
aValues indicate the minimum (assuming fully spherical particles) to maximum (assuming fully 
hemispherical particles) range of nanoparticles, bvalues indicate the average ± calculated 
uncertainty, cvalue indicates the average ± standard deviation. 
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Figure 7.  Electron microscopy images of silver nanoparticles on the nylon swabs.  (A) image 
showing silver nanoparticle coverage on fibers of the lollipop style swab and (B - E) on the 
narrow head.  Shown in (C) is a zoomed image of a single fiber whereas (D) shows an image 
viewed along the length the fiber of a swab.  Shown in (E) is the image analyzed for particle size. 
 
4.4.   Analysis  
4.4.1.  Initial SERS studies – CV solution 
 As a proof-of-concept experiment, SERS spectra of crystal Violet (CV) solutions were 
successfully collected on the silver-modified swabs.  Concentrations of both mM and µM were 
soaked onto the silver-modified swabs and analyzed.  Concentrations of µM CV would not 
produce conventional Raman signal thus observed signal would indicate the swabs allow SERS.  
In Figure 8 is shown the SERS spectrum of µM CV solution obtained using a silver-modified 
swab (8.4 mW at the sample).  The bands in the SERS spectrum not only correspond well with 
the conventional Raman spectrum of mM CV but also does not include Raman bands of the 
nylon as comparatively shown in Figure 9 in which the spectra have been normalized. 
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Figure 8.  SERS spectrum of µM CV solution obtained through the use of a silver-modified 
swab. 
 
Figure 9.  Comparison of crystal violet and nylon SERS spectra with the conventional Raman 
spectrum of CV. 
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4.4.2.  Examination of SERS enhancement using [Ru(bpy)3]2+ solutions 
 More in-depth studies on the SERS enhancements were performed using [Ru(bpy)3]
2+ 
solutions.  [Ru(bpy)3]
2+ is an exemplar choice as it produces fluorescence-quenching resonance 
Raman as a result of an electronic transition that overlaps well with the 457.9 nm Ar+ laser line. 
Using this analyte in combination with the silver-modified swabs allows for the measurement of 
surface enhanced resonance Raman spectroscopy (SERRS).  These studies included the 
determination of the SERS enhancements, determination of the limit of detection and the effect 
of laser power and concentration on integrated Raman intensity.  In Figure 10, the raw SERS 
spectra of 1 x 10-5 M [Ru(bpy)3]
2+ on a SERS swab using both 1.0 and 2.0 NDFs to that of a 
silver-less swab using the 1.0 NDF is shown.  The data has not been offset.  The two different 
measurement parameters were used to examine the spectral differences obtained with each.  Only 
fluorescence and no Raman signal was observed across all examined power levels on the silver-
less swab.  The silver-modified swab, however, allows Raman signal to be detected with an 
improved signal-to-noise ratio, and quenches the overwhelming fluorescence.  The 1490 cm-1 
band was integrated for further studies in which the data was normalized in units by dividing by 
the power at the sample.  
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Figure 10.  Comparison of [Ru(bpy)3]
2+ signal obtained using 1.641 mW and 0.135 mW  to that 
of a silver-less swab using 1.641 mW. 
 
 The resulting studies with [Ru(bpy)3]
2+ are summarized in Figure 11.  Shown in Figure 
11 (A) is concentration vs. integrated Raman intensity (IRI) in which lower concentrations 
resulted in increased integrated Raman intensity.  This is a result of [Ru(bpy)3]
2+ molecules 
being within closer proximity to the surface of the silver nanoparticles offering greater SERS 
enhancement.  A nonlinear slope can be observed in Figure 11 (A) because there is a limit to 
how few analyte molecules must be present to detect greater Raman intensities, so at some 
concentration there would be too few molecules to produce increased integrated Raman 
intensities.  In Figure 11 (B) is data of integrated Raman intensity as a function of laser power 
(Lp).  Larger integrated Raman intensities were observed at lower laser powers as less 
fluorescence would have been produced during measurements.  Lastly, in Figure 11 (C) is shown 
the SERS spectrum of 1 x 10-8 M [Ru(bpy)3]
2+ displaying the swabs produce noteworthy SERS 
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enhancements.  The [Ru(bpy)3]
2+ spectrum, unlike CV, does have bands from nylon present with 
bands approximately at 1150 and 1400 cm-1.  These findings highlight that the swabs need 
minimum laser power for their use while simultaneously producing notable SERS enhancements.  
This is promising because low laser power would be less likely to cause damage to the swabs.  
However, it was observed during the studies with [Ru(bpy)3]
2+ that allowing lower 
concentrations, such as µM, to dry and then attempting to measure resulted in difficulty 
obtaining SERS signal.  This could result from the low population of [Ru(bpy)3]
2+ molecules 
aggregating as the solution dries, and the drying causing movement of the crystals away from the 
silver nanoparticles which are already sporadic in location as shown in the electron microscopy 
images.  This movement of the [Ru(bpy)3]
2+ away from the silver would increase the chances of 
analyzing the space between the silver nanoparticles and the [Ru(bpy)3]
2+ molecules, thus 
producing no SERS signal.  Tables 2 and 3 present average integrated Raman intensities for the 
integrated band obtained for a sample of swabs using a 1.0 NDF and various laser powers         
(N = 6), and integrated Raman intensities for one laser power, respectively.  These tables 
corroborate the plotted data indicating that lower concentrations produced greater integrated 
Raman intensities.  The laser power at the samples were used for these calculations, i.e., the units 
cps/mW refers to the counts per second of Raman intensity normalized by laser power at the 
sample.   
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Figure 11.  Summary of [Ru(bpy)3]
2+ studies.  (A) plot of integrated Raman intensity vs. 
concentration at 1.575 mW.  (B) plot of integrated Raman intensity vs. laser power at sample.  
The line, best fit by least squares regression has the equation of IRI = -41296ln(Lp) + 54053 cps 
mW-1 with a correlation coeffiecient of 0.9753.  (C) SERS spectrum of 1 x 10-8 M [Ru(bpy)3]
2+ 
with the Raman spectrum of [Ru(bpy)3]
2+ and SERS background spectrum of nylon shown in the 
top right of the spectrum. 
 
 
 
34 
 
Table 2.  Average integrated Raman intensity obtained through swabbing various concentrations 
of [Ru(bpy)3]
2+ examined using multiple laser powers.  Values are reported with a 95% 
confidence interval (95%, 6). 
Swab /M of Rbpy Average Integrated Raman Intensity x105 /(cps/mW) 
1 x 10-3 0.4 ± 0.1 
1 x 10-4 0.5 ± 0.1 
1 x 10-5 0.6 ± 0.2 
1 x 10-6 0.6 ± 0.1 
 
Table 3.  Integrated Raman intensities of various [Ru(bpy)3]
2+ concentrations for a laserhead 
power of 100 mW. 
Swab /M of Rbpy Integrated Raman Intensity x 105 /(cps/mW) 
1 x 10-3 0.35 
1 x 10-4 0.35 
1 x 10-5 0.48 
1 x 10-6 0.46 
1 x 10-7 0.55 
1 x 10-8 0.55 
 
4.4.3.  Seminal fluid studies 
 Seminal fluid studies began by first attempting to obtain a Raman spectrum of semen to 
serve as both a comparison to a literature spectrum and a reference for future studies.      
However, a conventional Raman spectrum could not be obtained with the available 
instrumentation using the HeNe laser.  The HeNe laser was chosen as the excitation source for 
SERS of seminal fluid as previous studies in the lab had obtained SERS of seminal fluid using 
that excitation wavelength.  So they could be compared to the reference SERS spectrum obtained 
of seminal fluid, all seminal fluid spectra were collected using a 1 second acquisition time and 15 
accumulations, and every Raman measurement involved finding the optimum focal plane for 
measurement by adjusting the stage to maximize signal to the detector.  To acquire the initial 
SERS spectrum of seminal fluid using the swabs, a silver-modified swab was dipped into 
seminal fluid and analyzed immediately.  The resulting SERS spectrum is shown in Figure 12.  
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The bands in the spectrum have been labeled to illustrate the correspondence to that of a 
literature Raman spectrum, in which bands and vibrational modes have been assigned based on 
data from other literature sources.22  This band and vibrational mode assignment data is 
presented in Table 4.22,51–65  Figure 13 shows the overlaid spectra of the seminal fluid SERS 
signal and nylon SERS signal that has been normalized.  The SERS spectra of semen and nylon 
are similar as semen is a complicated mixture rich with proteins, and nylon is a synthetic protein.  
However, spectral comparison reveals differences, and the bands around 653 and 723 cm-1 can 
be used as indication for the presence of seminal fluid as they are absent in the nylon substrate.  
The band indicative of for choline (723 cm-1), a constituent of a neurotransmitter present in 
semen, is especially significant as it’s a unique chemical component to seminal fluid and has 
been used as a chemical identifier for the presence of semen in past forensic investigation 
techniques.22,66      
 
Figure 12.  SERS spectrum of semen with labeled bands that overlap with a literature Raman 
vibrational mode assignment of semen. 
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Table 4.  Literature Raman vibrational mode assignments of semen. 
Raman Shift /cm
-1
 Vibrational Mode 
641 Ring deformation (Tyrosine)52,53,61  
715 CN sym. stretching (Choline)56–58 
829 Ring breathing (Tyrosine)52,53,61 
958 PO
4
3-
 sym. Stretching (SPH)22,60,63 
1125 CN asym. stretching (SPH)22,59 
1179 CH2/NH3 rocking (Tyrosine)
52,53,61 
1265 Sym. ring deformation (Tyrosine)52,53,64 
1327 Ring stretching (Tyrosine)52,53,61 
1448 CH2, CH3 bend (Tryptophan)
51,54,55 
1461 CH2 bending (SPH)
22,51 
1616 CC stretching (Tyrosine)52,53,62 
1668 Amid I (Albumin)54,55,65  
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Figure 13.  Seminal fluid and nylon SERS spectra overlaid for comparison. 
 
Further seminal fluid studies included swabbing of dried (overnight) seminal fluid from a 
microscope slide to simulate swabbing from a hard surface as might be encountered at crime 
scenes.  A representative SERS spectrum is shown in Figure 14 that has been normalized.  As is 
shown in the figure, swabbing of seminal fluid from the microscope slide and its subsequent 
SERS spectrum are of good enough quality to distinguish semen and nylon.  Investigations into 
the smallest volume of seminal fluid which would successfully give SERS signal was determined 
to be 12 µL and the resulting spectrum is shown in Figure 15, which has also been normalized.  
Additionally, seminal fluid was dried on a bed sheet overnight and swabbed in a similar manner.  
However, after swabbing the seminal fluid from the bed sheet no SERS signal was observed 
indicating problems with the transfer of seminal fluid from the sheet to the swab.  The bed sheet 
visually appeared to have silver left behind from the swab presumably a result of the mechanical 
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friction from the swabbing motion.  One plausible reason for this observation is that in addition 
to tightly bound particles, some are loosely bound during the synthesis and these loosely bound 
particles are what is observed on the sheet.  Efforts to obtain signal while addressing this issue 
included doubling and tripling the volume of sample swabbed, wetting the sample and swabbing 
using a dry swab, laying the sheet on top of the swab and wetting the sheet with water from 
above the swab and lastly, swabbing until no more silver appeared to be coming off and 
subsequently attempting to obtain SERS signal.  However, despite these efforts no SERS signal 
was obtained further indicating complications in the transfer of seminal fluid from the sheet. 
 
Figure 14.  SERS spectrum of 100 µL of semen swabbed from a microscope slide after drying 
and stored in a freezer overlaid with the SERS nylon background. 
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Figure 15.  Overlaid spectra of 12 µL of semen with the SERS nylon background. 
 
 Throughout the seminal fluid studies, it was observed that SERS signal was difficult to 
obtain from dry samples.  Wet samples with no drying time before analysis worked best for 
initial signal detection when swabs were analyzed at room temperature.  Allowing the swabs to 
dry after initially detecting SERS signal would result in diminishment of the signal, as shown in 
Figure 16.  As can be seen in the figure, the signal diminished greatly over the course of 20 
minutes.  In fact, only two bands are distinguishable after drying.  Due to the presence of only 
these bands, the resulting spectrum does not resemble the SERS spectrum of nylon, but also 
cannot be confidently identified as seminal fluid.  Such a change in the spectrum could arise 
from separation of the sample as it dries and is subsequently analyzed.  Shown in Figure 17 is the 
spectrum of a swab stored at room temperature against the nylon background for visual 
comparison to the spectrum initially detected while the swab was wet in Figure 16.  The spectra 
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of the SERS seminal fluid and nylon signal appear visually distinguishable and have been 
normalized to highlight such.  Swabs that were stored at room temperature after swabbing the 
seminal fluid still produced signal, but was not as easily obtained and the signal was less intense.   
 
Figure 16.  Overlaid spectra of a swab with 0 minutes of drying with the resulting spectrum after 
the swab was allowed a drying period of 20 minutes. 
 
Figure 17.  Overlaid spectra of seminal fluid sample analyzed at room temperature vs. the nylon 
background. 
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 Despite the advantage of initial detection while the swabs were wet, the signal would 
diminish over time for reasons that could include, the sample was moving or the measurement 
process, i.e., exposure to the excitation laser, is degrading the sample by bond cleavages, either 
optically (by the laser)or thermally.  If the bonds of the seminal fluid analyte molecules are not 
being broken optically this would indicate a thermal issue, as a result of choice of the laser 
excitation wavelength and thermal heating.  Thermal heating could be a potential problem with 
the silver nanoparticles as they have been shown to release heat when interacting with an 
external electromagnetic field.67  However, because the swabs are made of porous fibers, which 
would allow space between fibers to dissipate the heat produced by the laser, the swabs should 
act as an efficient heat sink.  The heat sink property of the swabs would then aid in preventing 
thermal degradation of the sample.     
 Freezer storage of the swabs, after the swabbing of the seminal fluid and subsequently 
drying at room temperature, was experimentally determined to be the optimum storage method.  
Data that supports this conclusion was found when a swab, reanalyzed after being stored in the 
freezer at -15.3 °C, produced SERS signal that overlapped well with the literature Raman 
spectrum of semen.  This freezer storage result showed that SERS signal was easy to obtain with 
good signal-to-noise ratios, despite the seminal fluid being dried prior to storage.  The same case 
applies to Figure 14, in which the swab was measured four days after being stored in a freezer at 
the same temperature.  Freezer storage may increase the efficiency of the heat sink property of 
the swab, as compared to room temperature storage.  This allows the swab to be cold at the onset 
of measurements which can potentially prevent degradation of the sample allowing greater 
chance of obtaining SERS signal.   
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  Analysis of this hypothesis is shown in Figure 18 in which the spectra have been 
normalized.  As can be seen in the figure, allowing the swab to come to room temperature 
resulted in weakening of the semen SERS signal.  Storing the swab back in the freezer and 
subsequently reanalyzing, however, resulted in better SERS signal and intensity though a 
different spot was analyzed.  Likewise, a visual difference can be seen in the semen SERS signal 
resulting from difficulty in measuring the same spot once the swab has been moved.  Figure 19 
further highlights this heterogeneity as four different spots were analyzed on the same swab.  The 
four spectra have visual similarities, such as the band unique to choline around 723 cm-1, but also 
have differences, highlighting that different locations of analyzed sample affects the resulting 
spectrum, even though the spots were all on the same swab.     
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Figure 18.  Spectra acquired from freezer studies.  (A) overlaid spectra of a swab analyzed after 
being stored in the freezer with the resulting spectrum of allowing the swab to come to room 
temperature.  (B) overlaid spectra of room temperature spectrum from (A) with resulting 
spectrum after storing the swab back in the freezer and subsequently reanalyzing. 
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Figure 19.  Stacked spectra of dried semen analyzed on one swab at four different locations. 
 
 SERS is a sensitive technique, making it promising for many areas of research.  
However, SERS measurements can be prone to poor reproducibility as result of non-controllable 
interaction of analyte molecules with the SERS substrates.  To overcome the issue of 
reproducibility, a wider laser beam could be used to analyze a greater surface area of the swab.  
Another method would be to collect spectra at different points and obtain an average spectrum.  
Also, by focusing on a band that represents the vibrational mode of a constituent unique to 
semen during analysis, such as the band responsible for choline appearing at approximately 
723 cm-1 and present in all four spectra in Figure 19, could aid in the reproducibility.  Future 
work on this project will be focused on overcoming some of the limitations experienced as the 
research progressed.  The following discussion highlights some of the potential causes for the 
lack of reproducibility.  Over the course of the research, it was observed that the dominant bands 
of the seminal fluid spectrum would shift in dimensions of both left/right.  This poor 
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reproducibility could arise from the following factors:  the seminal fluid is a complex and 
heterogeneous mixture and the swabs are further increasing this heterogeneity, or because of the 
degree of dryness of the sample.  The increase in heterogeneity is due to the swabs containing 
random hot spots which are distributed across them as a result of the sporadic silver nanoparticle 
attachment.  Since a dry sample is being measured, the degree of dryness/chemisorption of the 
molecules contained within the seminal fluid on the silver nanoparticles results in structural 
changes.  Given the sensitivity of SERS measurements, it is possible that these structural changes 
resulting from the solvation of the seminal fluid, and the effect of separation of the sample are 
being recorded in the evolving spectra.   
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CHAPTER 5.  CONCLUSIONS AND FUTURE WORK 
 
 The hydrogen reduction method for synthesizing silver nanoparticles was modified for 
attachment of the nanoparticles to fibers of commercially available nylon swabs.  The resulting 
silver-modified swabs have been assessed by ICP-OES, electron microscopy and Raman 
spectroscopy for silver nanoparticle coverage and the use of SERS.  The swabs have been shown 
to provide SERS enhancements using two model dye compounds, and seminal fluid for forensic 
applications.  The analysis of the swabs via ICP-OES and electron microscopy revealed that the 
silver nanoparticles are sporadically distributed across the nylon fibers. 
 This research provides evidence that silver nanoparticles synthesized via the hydrogen 
reduction method can be attached to fibers of commercially available nylon swabs that can 
ultimately serve as a collection medium facilitating analysis by SERS as a non-destructive 
confirmatory method of detection of seminal fluid.  This collection/medium interface holds 
significance as risk of exogenous DNA contamination would be greatly reduced if suspected 
evidentiary samples were collected directly onto the measurement platform.  Different swabbing 
scenarios were explored throughout this research in attempts to simulate forensic swabbing and 
explore methods to yield the highest SERS intensity.  These explorations found that fluorescence 
can be a challenge to overcome in order to obtain useful SERS signal, but that the swabs provide 
significant SERS enhancements once fluorescence is quenched.  Throughout the research, it was 
observed that SERS signal was more easily obtained when the swabs were still wet from the 
swabbing process.  This was true for lower concentrations of [Ru(bpy)3]
2+ (≤ 1 µM), and 
especially true for seminal fluid.  During the seminal fluid studies, it was observed that the 
Raman signal diminished as the swab dried.  Swabs that were stored in the freezer however, 
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allowed useful SERS signal to be obtained, regardless of degree of dryness prior to freezer 
storage, and thus was concluded to be the best storage method. 
 Future research will need to be performed in order to achieve more systematic coverage 
of nanoparticles on the fibers of the swabs.  Throughout this research, it was determined that the 
addition of the swabs to the reaction slowed the reaction, resulting in smaller nanoparticles than 
are typically produced via the hydrogen reduction method.  As a result of such sporadic 
coverage, difficulty arose in obtaining useful SERS signal distinguishable from that of 
fluorescence.  The benefit of a more systematic coverage is that the swabs would provide better 
Raman signal than fluorescence, ultimately leading to better SERS enhancements.   Once more 
systematic coverage is achieved, either by chemical pre-treatment of the swabs, plasma cleaning 
of the swabs before the synthesis or altering reaction conditions, further studies could be 
performed on the SERS enhancements produced by the swabs.  Investigations of concentrations 
below 1 x 10-8 M [Ru(bpy)3]
2+ will be explored as lower concentrations have previously been 
detected using the same instrumentation.   
 Other experiments to be performed as part of future work include examining how much 
silver is being left behind following the swabbing of a soft surface.  This will be accomplished 
by performing ICP-OES of the sheets after swabbing.  Likewise, efforts to prevent the silver 
from being left behind on soft surfaces will also need to be explored.  One option would to be to 
heat the swabs via a steam treatment to serve as an annealing process for the nanoparticles which 
would simultaneously increase the robustness of the swabs.33  Another option would be to 
incorporate a polymer, such as PDDA, which has been used to immobilize silver nanoparticles 
for SERS studies.44,65  Efforts to maximize the amount of seminal fluid transferred from a soft 
surface will also need to be explored in order for the swabs to have full potential for forensic 
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applications.  An option for this would be to take a cutting of the soft surface material with the 
seminal fluid stain, placing it in a phosphate-buffered saline (PBS) solution with a pH of 7.4 in a 
shaking incubator, dipping the swab in this solution and allowing it to dry before being 
measured.  This would serve as an extraction process that would allow more seminal fluid to be 
transferred to the swab.  Another option to enhance the extraction of the seminal fluid from the 
sheet would be to use organics, such as glycerol, which has been shown to interact with proteins, 
to better solvate the seminal fluid, thus leading to better transfer to the swab. 
 With the possibility of optical degradation of the sample, future work could include 
accounting and correcting for such degradation.  Optical degradation could be corrected using a 
longer wavelength excitation than the HeNe laser.  Many authors presenting Raman 
investigations of bodily fluids have done so using a NIR 785 nm wavelength excitation.  
However, SERS enhancements would decrease as a result of this new excitation wavelength due 
to SERS enhancements being inversely proportional to excitation wavelength. 
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